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Abstract
More than seventy percent of our earth surface is covered by ocean. The conditions
at sea will not only influence our climate, but also affect human activities such as off-
shore oil drilling, fisheries, etc.. Monitoring ocean surface information, such as surface
current, wave and wind conditions, becomes more and more important. High frequency
(HF) ground wave radar is proven to be a very useful tool for measuring ocean surface
current. The ability of the HF signal to travel beyond the line-of-sight because of the
high conductivity of seawater enables the radar to be used to survey and obtain the ocean
surface current maps over a large ocean area. The longer radio wavelength also allows
measurements to be conducted under all weather conditions. In addition, the features of
near real-time measurement and high spatial and temporal resolutions make this method
more attractive than conventional techniques, such as are available from surface current
meters and drifter buoys.
The component of the current velocity along the radar look direction can be extracted
from the first-order Doppler shift of the electromagnetic wave scattered from the ocean
surface. In order to obtain a current vector, at least two projections along different
directions should be known. This can be achieved by two widely separated monostatic
radar installations, each of which contains a co-located transmitter and receiver. Another,
potentially more cost effective, approach is by means of a pair of bistatic and monostatic
receivers sharing the same radar transmitter. In this configuration the projections of the
current along two different directions can be found and thus the current velocity can be
obtained without significantly losing potential coverage. Here, an algorithm is developed
to examine the relevant issues of this new approach of surface current measurements.
More specifically, the scatter patch in this model is chosen to be along a constant bistatic
angle curve. The simulated bistatic and monostatic radar received time series data are
ii
processed by averaging fifteen 512-point fast Fourier transforms with 50 percent overlap
to yield the Doppler spectrum (power spectral density (PSD)). The first-order Doppler
shifts are obtained by comparing the centroid frequencies of the spectral peak regions
with their theoretical positions determined by the Bragg scatter mechanism. The current
components are obtained from these Doppler offsets. The error analysis is carried out by
means of the concept of geometric dilution of precision (GDOP).
While no consideration is given to the significant problem of sidelobes in the antenna
patterns, zero-mean Gaussian noise from external sources is added to simulate pulsed HF
radar clutter from the ocean surface. Deep water is assumed when the monostatic and
bistatic radar data are simulated. The combination of clutter PSDs and noise makes the
simulated radar data more realistic.
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Chapter 1
Introduction
1.1 General Information
Being driven by geotropic forces and tides, ocean surface current is strongly affected by
such factors as the water's salinity, the local surface wind and wave, and the earth's
rotation. Ocean water is constantly moving and the movement of water also acts as a
carrier that transports floating matter such as surface borne pollutants, fish larvae, and
spilled oil. Therefore, ocean surface current information is highly valuable in offshore
development, search and rescue, and scientific research. Listed below are a few examples
that highlight this fact:
1. A knowledge of surface currents is essential for the design of offshore structures.
2. It is more efficient to detect and track the trajectories of targets for search and
rescue applications by estimating the current velocity.
3. Spilled oil and other surface-borne pollutants can be tracked based on the current
information.
4. Current information may provide better knowledge of fish larvae transport, which
affects the coastal fishery management.
5. A database containing the long-term current measurement may help in predicting
iceberg tracks.
Current can be measured by conventional oceanographic instruments such as current
meters and drifters, but these devices may provide the current information over limited
regions of ocean and time periods. Moreover, when using conventional approaches, there
may be restrictions. Current meters, for instance, must be moored below a certain
depth to avoid interference with ship and damage by ice, and, in fact, surface current
values may be different from those obtained at the moored locations. However, radio
oceanographic techniques for remote sensing provide an effective and reliable means to
measure ocean surface current and provide valuable input in satisfying these coastal
management requirements.
Shearman [1] gives a good introduction to the remote sensing of the ocean surface by
radio techniques. These techniques include microwave radiometry, microwave radar, and
high frequency (HF) radar. Microwave radar can be used to provide some ocean surface
parameters with the line-of-sight limitation. However, the measurements obtained are
more likely to be affected by the weather condition and sophisticated sensors may be
needed. Furthermore, microwaves mainly interact with ocean waves with short wave-
length while the significant ocean energy is found in the much longer gravity wave. It
is a complicated indirect process for microwave radar to obtain the information of these
long waves by means of their modulation effects on the short waves.
On the other side, the wavelengths of HF electromagnetic radiation are of the same
order of magnitude as those ocean gravity waves which carry most of the ocean energy.
Thus the HF radar wave may interact strongly with these ocean waves. It is also well
known that ocean water is a good conducting medium in the HF band. Guided by
this medium, the transmitted radar signals in the HF frequency band (from 3 MHz to
30 MHz) will travel along the earth's curvature and reach far beyond the line-of-sight.
From the returning signals, plenty of ocean surface information, including ocean surface
current vectors, may be extracted. Over the past two decades, HF radar, operating in
both sky wave and ground wave modes, has been successfully used to measure ocean
surface characteristics. The potential surveillance of large extents of the ocean surface
over long time periods makes this technique very attractive.
In spite of the high initial installation cost, there are numerous advantages in using
HF radio technology for current measurement. Listed below are some of the advantages:
1. Extraction of surface currents from HF radar can be performed over a range of
400 km and an area of many thousands of square kilometers in nearly real-time,
while the conventional current measurements are basically a snapshot over the ocean
surface with limited range and coverage.
2. Because of the longer wave-length of electromagnetic waves, HF radar is not affected
by precipitation and is able to be operated in any weather conditions.
3. It is virtually impossible to produce fine-resolution current maps by conventional
methods. However, when two HF radars survey a common coverage area, current
maps with high resolution may be produced. A database for the measurements
with fine spatial and temporal resolutions can be developed by gathering long term
time series.
4. In conventional current measurement, there is a considerable cost associated with
data collection, since data is collected by aircraft, ships, or satellites. Management
requirements are minimized by using HF radar.
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1.2 Literature Review
The interaction between electromagnetic waves and the ocean surface was first treated as
noise when radar was used to detect targets such as ships and boats. Considerable effort
was expended in trying to remove this so-called clutter. Crombie [2] initially performed
experiments for measuring the ocean surface features by spectrally analyzing the returned
radar signal. He concluded that the sea surface behaves like a diffraction grating and the
Bragg mechanism is responsible for the scatter. The Bragg scattering mechanism, as
will be discussed theoretically in Chapter 2, indicates that the dominant contribution to
the sea clutter is produced by scatter from the ocean waves having a wavelength half
that of the radar wavelength, and moving radially toward and away from the radar site
if monostatic configuration is assumed. This first-order resonant phenomenon results
in two peaks in the Doppler frequency domain. The peak positions indicate the radial
speed of the resonant wave components. Crombie also noticed that the Bragg peaks in the
returned Doppler spectrum were subject to a small frequency shift from their positions
predicted by the dispersion relationship for water waves. He postulated that the small
shift could be the consequence of the motion of the entire water surface. He also proposed
that the ocean surface current may be measured routinely by a properly configured HF
radar. Subsequent research and experiments [3,4] have verified Crombie's idea of surface
current measurement. To date, more than one hundred HF radar systems have been
installed for extracting ocean surface current and other information in North America,
Europe, Australia, and more recently in Asia.
To describe the fundamental mechanism of the "radar wave-ocean wave" interaction,
the scattering cross section needed to be developed. The formal definition of the radar
cross section is "that area which, when multiplied by the power flux density of the in-
cident wave, would yield sufficient power that could produce by isotropic radiation, the
same radiation intensity as that in a given direction from the scattering surface" [5].
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The developed HF radar cross sections include first-order and higher order parts. They
are influenced by radar operating frequency, beam form, configurations (monostatic or
bistatic), and the polarization of transmitted electromagnetic wave. They are also func-
tions of sea surface states, which concern wind velocity, surface roughness, etc..
Barrick [6] was the first to derive the HF radar cross sections of the ocean surface.
Beginning from Rice's perturbation theory [7], Barrick formulated a first-order scatter-
ing cross section based on the assumptions of a plane electromagnetic wave with grazing
incidence and vertical polarization, and a time-varying ocean surface with a good, but
finite surface conductivity. In the same year, Barrick [8] also developed a theoretical non-
linear, two-dimensional Fredholm-type integral equation for the second-order backscatter
cross section which partially explained the continuum surrounding the first-order peaks.
The integrand in the formulation contains the second-order electromagnetic and hydro-
dynamic coupling coefficients. These coefficients correspond to the different interactions
between radar signals and water waves and between water waves themselves. The non-
linear factor in the integrand originates from the product of two ocean wave directional
spectra. Barrick and Lipa [9] further produced another set of expressions to account for
shallow water effects. However, the cross sections derived by Barrick are primarily for
the case of co-location of transmitter and receiver, i.e. for the monostatic configuration.
Walsh [10] has formulated a generalized-function approach to the scattering of elec-
tromagnetic fields from the boundary of two different media. A step function is used to
characterize the change in constitutive parameters from one medium to another. Based
upon Walsh's generalized-function approach, Srivastava [11] obtained expressions for the
first- and second-order monostatic cross sections. Among the three parts of second-order
cross sections in Srivastava's expression, the first part is denoted as the patch scatter
term and is seen to be equivalent to Barrick's model [8]. It is this on-patch scatter
part, involving a double scatter on a single patch of ocean that is far from the radar
station, that dominants. the second-order cross section. The other parts can be viewed
as two separate interactions of the transmitted signal with two widely separated patches
of the surrounding ocean surface. The successful model developed by Walsh's et at. [12]
similarly includes higher-order backscatter effects.
Regardless of the radar configuration model, monostatic or bistatic, Walsh and his
colleagues (Srivastava, Howell, Dawe, and Gill) attacked the same cross section problem
under the same assumptions as Barrick [6] but with a pulsed radar waveform [12,13].
This makes the cross sections more realistic because the finite pulse corresponds to a
finite scatter patch on the ocean surface. By examining the fields of a pulsed dipole
source scattered from the finite patch, their cross section expressions depict the Bragg
scatter as a squared sampling function, which is like a smeared or widened delta function.
Examination of the cross sections from real data indicates that the cross section models
based on Walsh's formulation successfully describe the interactions between the radio
wave and the ocean wave.
Gill and Walsh's bistatic first- and second-order radar cross sections [13] are among
the most recent significant developments in this area. In the bistatic radar configuration
the transmitter and receiver are widely separated (i.e. not co-located). This analysis is
based on Walsh's [10] generalized-function approach and provides a more general cross
section model. It is obvious from these models that the monostatic result is a special case
of bistatic cross section model with the bistatic angle set equal to zero. Our studies on
current measurement are based on the bistatic radar configuration. When the algorithm
is addressed in Chapter 2 the advantages of the bistatic model will be summarized.
There also a detailed introduction to Gill and Walsh's [13] bistatic cross section model
is presented. The simulation of the Doppler spectra from the cross sections for both
monostatic and bistatic models will be shown in Chapter 4.
In Gill and Walsh's bistatic cross section model, the first-order peaks are modeled
by a squared sampling function. The locations of the Bragg peaks are at the Doppler
frequencies of fB = ±~V2gko cos cPo if deep water is assumed. In this equation, g is the
acceleration due to gravity, ko is the wavenumber of radar and cPo is bistatic angle. The
bistatic angle is defined as one-half of the angle between radar transmitter and receiver
as viewed from the scatter points. There are three parts in the total second-order cross
section, corresponding to three kinds of scattering over the ocean surface. They are
denoted as 0'2P, 0'2T and 0'2R. 0'2P, denoted as patch scattering, is scatter in which the
scatters occur at the ocean surface far from the transmitter and receiver; 0'2T corresponds
to the scatter in which one of two scatters occurs at the ocean surface near the radar
transmitter; and 0'2R accounts for the scatter in which one of the scatters is near the radar
receiver. Thus, the total cross section, given by Gill and Walsh [13] and Gill et ai. [14],
contains four components: one first-order component and three second-order components.
Among the three second-order components the patch scatter 0'2P is dominant, which is
similar to Srivastava's monostatic results [11]. For simulation purposes in Chapter 4, we
take the patch scattering case into consideration and neglect the other two components
in the second-order cross sections as they do not affect the measurement of the ocean
current.
Another significant contribution given by Gill [15] is that the external noise in the
radar returns is taken into consideration. In his model, based on the assumption of a
pulsed radar system and a typical noise regime, time series of radar received ocean clutter
have been simulated to achieve a more realistic result. In our research, as in Gill's model,
zero-mean Gaussian white noise will be considered.
Interest in using HF radar for ocean surface current measurements has been increasing
in the past three decades. A number of experiments have been successfully conducted.
In accordance with Crombie's assertion of HF radar current measurement, Stewart and
Joy [3] conducted two experiments in January and May of 1973 off San Clemente Island
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in the Pacific Ocean near California. They compared the radar-deduced current with
conventional measurements of the same current and concluded that the current measured
by radar is actually an average of surface currents over a depth of Ao/81r where AO is the
radio wavelength. At the same time, Barrick et al. [4] performed a similar experiment
and arrived at the same conclusion. These successful experiments provided an important
foundation for measuring surface current by HF radar.
In 1977, the National Oceanic and Atmospheric Administration (NOAA) developed
the first coastal radar system, Coastal Ocean Dynamics Applications Radar (CODAR),
that has the ability of mapping surface currents [16]. The receiving antenna of the first
CODAR system is a four-element monopole antenna. The advantage of this system is
that it is a small compact system. However, it has the potential failure of ambiguity and
cannot access information on the second-order backscatter because of the employment of
the non-directional antennas. This CODAR system has been improved and now the up-
to-date equipment, SeaSonde, is available as one of a few commercial HF radar systems
around the world. With a portable antenna, the SeaSonde can measure current up to
70 km. As another successful commercialized HF radar current measurement system, the
Wellen Radar (WERA), was developed by a research group in University of Hamburg
[17]. The WERA system has an antenna array depends on the radar frequency and the
number of elements in the array. A large space, typically on the order of 100 m in length,
near shore is needed to install WERA system. It is thus able to acquire backscatter
information from a selected ocean surface patch. WERA uses a frequency modulated
continuous wave (FMCW) as the transmitting waveform. It has the advantage of the
flexibility in range resolution between 0.3 km to 1.2 km. However, when using FMCW,
two fast Fourier transforms (FFTs) are needed; the first FFT is applied to resolve the
range and the second FFT is applied to obtain the Doppler spectra.
Other HF radar systems have been built for specific purposes. For example, multi-
frequency coast radar (MeR), developed by the University of Michigan [18], is a pulsed
radar that can be operated simultaneously with frequencies of 4.8 MHz, 6.78 MHz,
13.48 MHz, and 21.77 MHz. It is able to measure not only the surface current but
also the vertical structure of the current in the top 2.5 m of the ocean surface. Also,
the ocean surface current radar (OSCR), originally developed at UK Rutherford and Ap-
pleton Laboratories [19], can be used in both HF and VHF bands for the ocean surface
measurement. This system employs a 16-element phase array antenna to achieve narrow
beam in the HF band and a 32-element phased array in VHF band. The VHF mode of
OSCR was well demonstrated as an ocean sensor in an experiment in South Florida [20].
One of the first experiments for the purpose of current measurement in Canada was
conducted in 1983 by using CODAR's radar at sites in Cape Race and Cape Cappahayden,
NL [21]. Current maps were successful obtained. Since then, many experiments have been
conducted in the measurement of not only surface current, wave, and wind parameters
but also in the detection and tracking of ships, low-flying aircrafts, and ice. In the fall of
1990, a new multi-purpose, long-range shore based ground wave radar system was set up
in Cape Race, NL, by a local company, Northern Radar Systems Limited (NRSL), now
Northern Radar Incorporated (NRI). This long range radar system with steerable narrow-
beam was able to survey a range of up to 400 km over a 1200 sector of the ocean surface,
for a maximum coverage area of more than 160,000 km2 . To demonstrate the ability of
this state-of-the-art long-range system as a current measurement facility, a single-station
current measurement model has been developed by Hickey [22] using standard regression
techniques.
Bobby's dual-site approach [23] is based on two spatially separated radar facilities
located in Cape Race and Cape Bonavista that cover a common ocean surface off the
coast of Newfoundland. The radial currents are derived from each set of radar data and,
the vector current is established through geometric manipulations. Bobby also extends
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the estimation of surface 'current beyond the region of overlap area by implementing of
the continuity equation proposed by Frisch and Leise [24].
When using HF radar to measure ocean surface currents, spatial resolution in both
azimuth and range must be considered. Different techniques have been applied in different
systems. The azimuthal resolution depends on the beam form of the receiving antenna.
There are mainly two kinds of techniques to achieve it, direction finding and beamforming.
The direction finding technique, performed in the frequency domain, involves calculating
complex Fourier transform of the time series, while beamforming is performed in the time
domain by adding the weighted and phase-shifted signals of all antennas. The CODAR
system [16] is an example of the direction finding model. The WERA Radar, on the other
hand, uses the beamforming model to provide measurements of ocean surface current and
the wave directional spectrum.
1.3 Scope of Research
HF radar has been used for oceanographic measurements for nearly three decades and
the techniques are still developing steadily. However, in the existing HF radar ocean
current measurement systems, such as CODAR, MCR, WERA, OSCR, and radar systems
operated by NRI, the algorithms for deriving ocean surface vector current are all based
on the monostatic radar configuration. With the introduction of the bistatic radar cross
section by Gill and Walsh [13], it is feasible to install a HF radar current measurement
system as a combination of monostatic and bistatic radar configurations. This system
contains a full radar system with transmitter and receiver co-located and another radar
receiver separated tens of kilometers from the transmitter. Radial current components
from the two receivers are recorded and analyzed independently. The vector current can
be derived from the radial current components. The motivation for this work is to develop
a new algorithm for this combined radar current measurement system. The scatter patch
10
will be defined along a path with a constant bistatic angle. In spite of the complicated
algorithm due to combination of two configurations, there are several advantages that
make this study valuable. One advantage of using this combined radar system is the
effective cost saving compared with dual-site model, because only one transmitter is
required for the two-receiver system. In fact, potentially this transmitter can be shared
by several different receivers. Thus, a significant expansion in the radar coverage may be
achieved.
In this thesis, when the algorithm of the combined method is introduced, it is assumed
that the receiving antennas in both monostatic and bistatic configurations are narrow-
beam. With the aid of the bistatic model developed by Gill and Walsh [13], the radar
data from both receivers will be simulated and the radial current components will be
derived along each receiver look direction. The overall vector current will be obtained
from these two radial currents. Additionally, the errors throughout the whole process will
be analyzed numerically. They include the errors in obtaining radial current components
and those in the procedure of radial combination to produce the vector currents. The
latter error is related to the geometric relationship involving both receiving antennas and
the scattering patch.
Chapter 1 serves as a general introduction to radio oceanography and the develop-
ment of HF radar cross sections. It also includes a brief discussion of the history of HF
radar as a tool of ocean surface current measurement. Chapter 2 explains the physical
mechanism involved in the use of HF radar as a remote sensor for ocean surface informa-
tion. Determination of the ocean surface current from single or dual radar sites will be
introduced. The geometric relationship of the combined configuration mentioned above
will be presented. Chapter 3 provides an analysis of the errors in both radial current
and vector current derived from radar data. Chapter 4 presents the simulated results of
the current vector detection. In this chapter, the bistatic cross section will be introduced
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based on Gill and Walsh's model [13]. As already noted, the monostatic scatter will be
viewed as a special case of bistatic scatter when the bistatic angle is equal to 0°. The first-
and second-order cross sections for bistatic configuration will be simulated for different
sea states, radar frequencies, and bistatic angles. Different current vectors, as well as a
white Gussian noise with zero mean will be added to the radar received signal. Finally
the radial current and vector current will be extracted from simulated HF radar data.
Chapter 5 briefly concludes the studies and gives suggestions for future work.
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Chapter 2
Principles of HF Radar Current
Measurelllent
As noted in Chapter 1, Crombie [25] first proposed that the mechanism responsible for
large peaks at specific frequencies in HF sea echo is Bragg scattering. He further hy-
pothesized that Doppler spectral shifts in these peaks from their theoretical positions
could be explained by the presence of ocean currents. The research and experiments
following Crombie's assumption proved that the radar return signal contained important
information about the ocean surface. This information includes surface current, wave
parameters, and wind field. This chapter will give a detailed explanation of the Bragg
scattering mechanism, the relation between Doppler shift and radial current, the config-
uration of bistatic and monostatic receivers with respect to the scattering patch, moving
along the locus of constant bistatic angles, and the trigonometric manipulation of two
radial currents along different directions to produce a vector current.
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2.1 The Scattering Mechanism
Before examining the actual mechanism, we first consider a few relevant features of ocean
waves. Ocean surface waves can be categorized as capillary or gravity waves according to
their restoring forces [26]. Capillary waves are those whose restoring force is dominated by
the effects of surface tension. Capillary waves have a wavelength of a few centimeters and
waveheight of a few millimeters. They form a remarkably regular diamond-shaped pattern
and wrinkle the ocean surface much more than large waves. When the wavelengths of
ocean waves are longer than about 1.73 em, they are no longer purely capillary waves
but becomes gravity waves. The restoring force of gravity waves is gravity. Operating
in the frequency band 3 MHz to 30 MHz, HF radar has operating wavelengths that are
of the same order of magnitude as ocean surface gravity waves. Thus, HF radar signals
interact strongly with the ocean gravity waves.
When the water depth is greater than approximately one-half of the ocean wavelength,
deep water can be assumed. In deep water, the hydrodynamic dispersion relation of
gravity waves may be expressed as (see, for example, Kinsman [26])
(2.1)
where 9 is the acceleration due to gravity, w is the radian frequency of an ocean wave and
K is the corresponding ocean wavenumber. Ocean waves of wavenumber K and radian
frequency w will travel with a phase velocity, vp , given by
(2.2)
Of course, these waves may travel in all directions, one of which will be in line with
radar look direction and one of which will be opposite to radar look direction, and their
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wavelengths are half of the radar wavelength. Therefore we can denote their speed vp as
c;; 1/i§Avp=w/K=±yg/K=±- -.2 'IT (2.3)
where the ± indicates the advancing and receding directions, respectively, of the ocean
waves with respect to the radar look direction.
Given that HF radars, for the purpose at hand, are deployed along the shoreline, for
the case where there is a large distance from the radar to the ocean scattering patch, it is
reasonable to assume that radio waves illuminate the ocean surface at grazing incidence.
If A is the wavelength of surface waves and Ao is the wavelength of radio waves, the Bragg
scatter will occur when the
Ao = 2Asin8 , (2.4)
where 8 is the angle of incidence (relative to the surface normal). For grazing incidence,
8 = 90° and thus the Bragg scatter condition becomes
Ao = 2A . (2.5)
where the water waves satisfying this relation are referred to as Bragg waves. This relation
can be also expressed in term of the wavenumber, K, of the ocean wave and radio wave
as
K = 2ko . (2.6)
Although a small amount of radar energy is scattered back to the radar receiver by each
ocean-wave crest, for the case of the distance between adjacent ocean crests being exactly
half the radar wavelength there will be a phase-coherent reinforcement of radar waves
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reflected from the ocean surface. The coherent reflection greatly enhances the strength of
the echo compared with all the other incoherent reflections from ocean waves with other
wavelengths. This phenomenon is similar to the behavior of a diffraction grating.
The relative movement between the radio source and the ocean waves will cause
Doppler shifts with respect to the radar carrier frequency in the radar return. The size
of the shift is a function of the radar operating frequency. Furthermore, since the Bragg
waves travel toward and away from the radar, this will correspond to two Doppler shifts
in opposite directions from the radar carrier frequency. The large spectral peaks which
may result from this so-called first-order Bragg interaction should, theoretically, appear
at radian Doppler frequencies, wB, given by
(2.7)
if there is no underlying current. Equivalently, if fa is the radar frequency in megahertz
(MHz), the Bragg frequency fB in hertz (Hz) may be easily shown to be
fB = ±O.102/!o ' (2.8)
which indicates a square-root dependence of the Doppler shift upon the radar operating
frequency. This can be used to distinguish the Doppler shift imposed by an ordinary hard
target, for which the Doppler shift depends linearly on the radar frequency.
In the bistatic model, the expression for WB is somewhat modified from the monostatic
result given above. The geometry of the bistatic configuration is shown in Figure 2.1.
The path directed from the transmitter (T) to the receiver (Rb) is the reference direction,
which is denoted as the x-axis direction throughout this thesis. The line connecting
the transmitter and bistatic receiver is defined as the baseline. T and Rb are foci of an
elliptical scattering patch [13]. Scattering patch P is a position on this curve where the
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Figure 2.1: The general geometry of the bistatic configuration.
unit ellipse normal is N. The angle eN from T Rb to the unit normal is precisely the
direction of the Bragg scattering wave vector. The angle LTPRb is divided by the ellipse
normal into two equal angles. Half of LTPRb is defined as the bistatic angle ¢o. Still,
assuming the deep water, the Doppler frequencies of the first-order peaks are [13]
(2.9)
Comparison of expressions (2.7) and (2.9) for the Bragg peak positions for monostatic
and bistatic models, respectively, indicates the difference lies in the explicit appearance
of the bistatic angle in (2.9). Clearly, when the bistatic angle ¢o is equal to 0°, the
bistatic model will be reduced to monostatic model. In this thesis, both bistatic and
monostatic models will be employed. The bistatic first-order and second-order cross
sections developed by Gill and Walsh [13] will be introduced, reproduced, and calculated
in the following section. The monostatic model will be simply considered as a special
case of the bistatic model when the bistatic angle is 0°.
In the radar return Doppler spectrum, there is usually a higher order continuum sur-
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rounding the two significant first-order peaks (see Figure 2.2 of Section 2.2). This higher
order continuum includes second-order scatter that may occur from a single reflection
from second-order ocean waves, or from two scatters of first-order waves. There are nulls
between the first- and second-order curves. Under the special conditions when the ocean
wave direction is along or in the opposite direction to the radar beam for monostatic and
to the ellipse normal for bistatic radar configurations, there will be only one first-order
peak in the radar return Doppler spectrum, either in the negative or positive part. The
higher order scatter beyond the second has little effect upon the surface current mea-
surement. Therefore, only the first- and second-order scatters will be considered in this
thesis.
2.2 Radial Current Measurements
Although ocean surface waves are not perfectly sinusoidal, but rather trochoidal in nature,
they can be decomposed by Fourier's theorem. By means of Fourier's theorem, the ocean
surface can be represented as the superposition of waves of different amplitudes, phases,
frequencies, and directions of traveling. Therefore, when the HF radio waves are scattered
at the ocean surface, one particular Fourier component of the ocean waves will satisfy the
Bragg condition. Without an underlying current, the resulting spectral peaks should be
at two symmetrical positions relative to the carrier. If the ocean waves are transported
by an underlying current, these peaks will be shifted from these symmetrical positions.
The amount of this displacement can be used to measure the radial current.
For a given radar frequency, the locations of the theoretical Bragg peaks can be
predicted by equation (2.8) for the monostatic case. The actual peaks in a real Doppler
spectrum may be located numerically. The difference value (i.e. the Doppler shift)
between the measured and the theoretical values of the Bragg frequency may be obtained
for each side of spectrum. Theoretically, the difference on each side of spectrum should
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be equal; however, noise may cause a discrepancy between the two sides. When the wind
blows directly away from or toward the radar look direction, one peak will generally be
buried in, or barely visible above the noise floor. In this case only one-half of the Doppler
spectrum is processed. From the frequency difference, tlf, the radial component ~ of
ocean current velocity along the radar look direction can be derived as (see, for example
[3])
~ = 0.5tlfAD . (2.10)
Figure 2.2 depicts a typical Doppler spectrum of sea echo from which a radial surface
current may be extracted based on shifts in the Bragg peaks. The theoretical position
of the Bragg peaks is indicated by fB (dash line). The measured positions of the Bragg
peaks are indicated by f~ in this figure. The whole spectrum is shifted in one direction
due to an underlying current and the magnitude of this shift may be used to determine
the radial current by means of equation (2.10).
2.3 Vector Current Derived from Monostatic Radar
Based on the number of the radar systems involved in the current measurement, we may
categorize the basic radar deployments as either dual-site or single-site. A full radar
system in this thesis is defined as a system that contains a transmitter and a receiver at
the same or different locations- i.e. a full system may be operated monostatically or
bistatically.
2.3.1 Single-site Approach
A single-site radar system can be used to obtain vector current [22,27]. In this approach,
the surface current vector is estimated from the radial currents based on the assumption
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Figure 2.2: The simulated radar Doppler spectrum (power spectral density, PSD) with zero-
mean stationary Gaussian noise. The radar operating frequency is 15 MHz, the bistatic angle
is 55°, and the wind speed is 10 mis, 75° to the x-axis.
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of a uniform current distribution in the region of measurement. By definition, in this
region, the spatial variability of the currents should be insignificant. The radial currents
along several consecutive cells will simply be the projections of this uniform current along
the different directions. Lipa [27] obtains the current vector by fitting the data in a least-
squares method. Using a similar approach, Hickey [22] derived the vector currents and
compared them with those obtained from drifter buoys in the same area. The positive
results illustrate the potential of using single-site radar to extract the current maps.
The main limitation of the signal-site method, however, is the assumption of uniform
current distribution, since the surface currents are often observed to vary spatially and
temporally.
2.3.2 Dual-site Approach
Dual-site radar systems consist of two spatially separated radars that survey a common
coverage area. Radial currents can be obtained from each radar and, in the common
coverage area, these can be combined through geometric manipulations to produce a vec-
tor current. However, the performance of the dual-site radar system is restricted by the
limitation of the common coverage. Bobby [23] examines the ocean surface current by
using two spatially separated radar facilities located in Cape Race and Cape Bonavista
that cover a common ocean surface. The radial currents are derived from each set of
radar data. The vector currents are produced using both Cartesian and cylindrical co-
ordinate methods. The results of his research further validate the dual-site method and
the potential for using the continuity equation to estimate vector currents.
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2.4 Bistatic Configuration with Constant Bistatic
Angle
In the dual-site approach, we actually want to obtain the radial currents along two dif-
ferent directions with a specified angular separation. If we add another receiver to a full
radar system but keep the two receivers widely separated, we can have a combined config-
uration of radar systems, one receiver Rm operating in the monostatic mode, co-located
with transmitter T, and another receiver Rb operating in bistatic mode. Thus, with a
single transmitter, we can achieve results similar to those for the dual-site approach.
Therefore, the combined monostatic/bistatic radar configuration model can be viewed as
an extension of the dual-site model.
In the common bistatic configuration as shown in Figure 2.1, the transmitter (T) and
receiver (Rb) are foci of an elliptical scattering patch. The coordinates are selected so as
to make T and Rb lie on the x-axis, symmetrical about the origin. As noted in Section
2.1, P is an arbitrary scattering patch on the elliptical scattering patch and N is the unit
normal to the ellipse at P. Because the sum of the distances from T to P and P to Rb
are constants for a given series of patches along one elliptical locus, the delay between
transmitter and receiver is fixed for those patches. We may scan the ocean surface along
the elliptical path of ellipse as described in [13]. However, along this path, the bistatic
angles, and thus the positions of the first-order peaks in the Doppler spectra, change
for different positions. This means that for one transmitted frequency, at the patches of
different bistatic angles, we actually measure the radial currents added to ocean waves
with different wavelengths. Furthermore, when we convert the two radial currents to a
current vector, as will be seen, the angle of separation between the two radial currents
plays an important role in the overall accuracy of the derived vector current. When the
bistatic angle changes, the overall error in the current vector measurement will change
22
120
100
80
60
40
I
I
I
I
,
20
-60 -40
Transmitter,
MonoslalicReceiver
-20 0 20
Dislance(km)
80
Figure 2.3: Locus of constant bistatic angle.
even if both radial currents having the same uncertainty.
From another perspective, to examine the Bragg wave with constant wavelength the
bistatic angle should be kept constant. The scatter patch may move along a path as
depicted in Figure 2.3. Four curves are plotted in this figure corresponding to 25°,
35°, 45°, and 55° bistatic angles, respectively. For a particular curve, for one operating
frequency, the wavelengths of the Bragg waves sensed by the monostatic and bistatic
receivers are different but the differences between them are fixed.
If the bistatic angle is assigned to be cPo, and em is the monostatic "look" direction
(see Figure 2.4), the bistatic "look" direction eN can be written as [13]
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(2.11)
T, Rm~-----
Figure 2.4: The geometric relationship of the bistatic and monostatic radar look directions
with bistatic angle of 1;0. T, Rm and Rb represent the transmitter and monostatic and bistatic
receivers, respectively.
From Figure 2.4 the angle 8b for bistatic receiver can obviously be expressed as
(2.12)
Also in the Figure 2.4, POl is the distance between the transmitter and scatter patch, and
P02 is the distance between the scatter patch and receiver. If the distance between T and
Rb is 2d, by trigonometric manipulation, we can express POl and P02 in terms of 1;0, 8m ,
8R , and 2d. There are four possibilities:
1. If cPo < 1f/4, and 8m , 1f - 8b < 1f/2, we have, from the law of sines
2dsin8b
POl = sin 2cPo
and
2dsin8m
P02 = sin 2cPo .
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(2.13)
(2.14)
2. If cPo < 1r/4, 8m < 7I/2, but 1r - 8b > 1r/2, we have
2dsin8m
P02 = sin 2cPo
and
POI = JP62 + 4d2 - 4dp02 cos(1r - 8b ) •
3. If cPo < 1r/4, 1r - 8b < 1r/2, but 8m > 1r/2, we have
2dsin8b
POI = sin2cPo
and
P02 = JP61 + 4d2 - 4dpOI cos 8m .
4. Finally, if cPo > 1r/ 4, and 1r - 8b, 8m < 1r/2, we have
2dsin8b
POI = sin 8b cos 8m - sin 8m cos 8b
and
P02 = JP61 + 4d2 - 4dpOI cos 8m .
(2.15)
(2.16)
(2.17)
(2.18)
(2.19)
(2.20)
In the Cartesian coordinate system where T and Rb are located symmetrically around
the origin on x-axis, their coordinates are (-d, 0) and (d,O), respectively, and the y-
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component of the scatter patch can be written as
y = POI sin()m .
For the x-coordinate, if POI > P02, we have
x = POI cos ()m - d ,
and if POI < P02
x = -(d - POI cos()m) .
(2.21)
(2.22)
(2.23)
There are two advantages to selecting the scattering patch along the constant bistatic
angle. One advantage is that for this case, the bistatic receiver will always detect the
radial current associated with ocean waves of a fixed wavelength. Another advantage lies
in error prediction. Error exists in each radial component. When converting the radial
current to vector current, the overall error depends on the angular separation between
the two radial components, that is, on the bistatic angle. Assuming the radial currents
are obtained with the same accuracy, different bistatic angles correspond to different
accuracies in the vector current. This will be discussed in detail in Chapter 3.
The drawback of this configuration is that the delay between the transmitter and
receiver is changing all the time. Care will have to be taken in extracting the time series
from each receiver to exactly pick out a specific patch of interest.
2.5 From Radial Currents to Vector Current
At this stage, we consider two radial current components that are estimates of the pro-
jections of a vector current onto the radar look directions. In this section we will combine
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Figure 2.5: The current vector is obtained from the combination of the radial current compo-
nents, Vm and Vb.
the two radial components by means of geometric manipulation to recover the vector
current.
If ~ is denoted as the magnitude of the surface current and ee the direction of the
current, two radial current components, Vm and Vb, are projections along the two radar
look directions (ellipse normal direction for bistatic radar) as shown in Figure 2.5. They
may be expressed as
(2.24)
and
(2.25)
where Vmis the radial current along the monostatic look direction em and Vb is that
along the bistatic look direction eN' Since Vm and Vb are pointed in different directions,
there is an intersection between them that is actually equal to bistatic angle <Po in our
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configuration. If Vm and Vb are known, solving the above equations will produce the
vector current direction with respect to the x-axis as
(2.26)
and the current magnitude as
(2.27)
It may be observed from the above equations that when the bistatic angle cPo is very
small - Le. close to 0° - or very large - Le. close to 90° - which means two sets
of radial currents lie nearly parallel to each other, the vector current cannot be robustly
produced. The reason why this is the case is that, as we note from equation (2.26), the
calculated ec will be perpendicular or anti-perpendicular to eN' Then, from equation
(2.27), large fluctuations in magnitude ~ will appear. This is the so-called baseline
instability. The baseline instability can be also defined from the x and y components in
the Cartesian coordinate system [22]. We will further discuss the baseline instability and
other errors in Chapter 3.
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Chapter 3
Error Analysis
As noted in the previous chapter, the approach to extract the vector current from HF
surface wave radar data includes two steps: (1) obtaining the radial currents from the first-
order peaks of the radar receiver signal and (2) combining the radial currents to produce
the vector current. Errors that occur in both steps will be analyzed and discussed in this
chapter.
3.1 Errors in Radial Current Measurements
When we address the errors in this section, we assume that all the radar data with
signal to noise ratio (SNR) below the threshold, typically around 25 dB, have been
discarded. Generally, there are two groups of errors: systematic error and statistical error.
The sources of systematic error include antenna pattern distortions, which are system-
dependent and even site-dependent, distortions from ships or other large objects visible
by radar and other distortions from shallow water or third-order wave-wave interaction
[28]. Sources of statistical errors include atmospheric noise, ionospheric echo, man-made
noise, and random current variation over the patch of ocean. Statistical errors can be
mitigated by proper averaging. The averaging may be done spatially or temporally or
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both.
When Doppler spectra are estimated in this work, the periodogram method is used
- i.e., the spectra are simply an average of the squared FFT's of segments of the data
time series. If it is assumed that the radar data are of high quality and that there is no
spatial variation of currents within a range cell, the resolution of the FFT can be used to
characterize the error in the radial current values. The FFT resolution is an important
parameter that indicates the radar's ability to distinguish one frequency component from
its neighbors. In the periodogram method, the resolution of measurement is defined as
the reciprocal of time interval for the FFT calculation.
It is known that the error of the FFT has a uniform distribution between two adjacent
frequencies. In order to have better FFT resolution, the rme interval for the FFT cal-
culation should be chosen longer. This implies that over the measuring time interval the
ocean current condition should be stationary. For the simulation and analysis throughout
this thesis, 4096-point time series will be used and the sampling interval is set to be 0.25 s,
corresponding to a nearly 20-minute time interval. This time interval has been used for
the measurement of wind driven surface current [20]. Under this simulation condition
the FFT resolution is fixed as 0.0078 Hz for the Doppler spectra in the monostatic and
bistatic radar look directions. By applying equation (2.10), the radial current resolution
in speed, .6.vn can be found. For the operating frequencies of 6.75 MHz, 15 MHz, and
25 MHz, the monostatic receiver has the radial current resolutions of ±8 cm/s, ±4 cm/s,
and ±2.3 cm/s, respectively. For the bistatic radar look direction, however, the resolu-
tion will be coarser than the monostatic side and be a function of the bistatic angle cPo.
This can also be calculated by means of equation (2.10) with a modified radar operating
I Ao.
wavelength Ao = cos cPo ' l.e.
v;. = 0.5.6.fA~ .
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(3.1)
3.2 Errors in Vector Current Combination
The accuracy of vector current largely depends on the intersection angle between the two
radar look directions if the same random errors are assumed for the two radial current
components. If there were no error terms in either of the radial currents, the vector
current could be perfectly obtained by equations (2.26) and (2.27), no matter how small
the intersection angle. However, in this simulation randomness is added and the error
will be present in the radial current measurements for both radial directions. As a result,
the intersection angle will play an important role in the extraction of the total vector
current. Geometric dilution of precision (GDOP) is a unitless coefficient that can be
used to quantitatively describe the uncertainties in current vector combination due to
geometry.
GDOP was first introduced in the Global Positioning System (GPS) navigation sys-
tem. Its sole purpose is to predict the purely geometric influence and does not take
into account any other effects that might be expected to influence the accuracy of the
measurement. Chapman et al. [29] borrowed this concept for ocean current measure-
ment involving a pair of HF backscatter radars. An expression of GDOP was derived in
term of the radar mean look direction and the intersection angle between the two radar
beams. In this thesis, the same expression of the GDOP will be developed but in a more
straightforward way. The idea of GDOP could be helpful in analyzing the error of vector
current measurement when one of the radial current components is extracted by means
of the bistatic radar receiver.
Mathematically, the current vector can always be decomposed into two orthogonal
components, u and v. In Figure 3.1, Vi and 112 are the radial currents measured along
two arbitrary radar look directions, a and f3 are the angles from the x-axis to the two
radar look directions, respectively, and the intersection angle between these two radar
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Figure 3.1: Geometrical relation of the current components.
look directions is <p. Thus, we have
~ ucosa + vsina
u cos {3 + v sin {3 .
These equations are solved for u and v, as
(3.2)
u
v
VI cos {3 - ~ cos a
sin a cos {3 - cos a sin {3
~ sin {3 - ~ sin a
sin a cos {3 - cos a sin {3 . (3.3)
The denominators of these two equations are identical and
sin a cos (3 - cos a sin{3 = sin(a - (3) = sin <p ,
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(3.4)
which gives
u
v
VI cos f3 - V2 cos a
sin¢
VI sin f3 - V2 sin a
sin¢ (3.5)
The error associated with radial currents VI and V2 are assumed to be uncorrelated and
their standard deviations are defined as al and a2, respectively. Therefore, the standard
deviations with respect to u and v can be written as [30]
The GDOP is defined as [31]
sin2 f3 + sin2 a 2
sin2 ¢ a 1
cos2 f3 + cos2 a 2
sin2 ¢ a2 .
GDOP=
(3.6)
(3.7)
Equation (3.7) shows that the GDOP is always positive, and only related to the directions
of the two radial components and the intersection angle between them. If we further as-
sume that the standard deviations of the errors in both radar look directions are identical,
i.e. al = a2 = a, we have
V2
GDOP = Isin(¢)1 ' (3.8)
which means that the GDOP is only a function of the intersection angle between the two
radar look directions. Figure 3.2 depicts an example of the GDOP described by equation
(3.8) with the intersection angle changing from 0° to 180°. It is observed that the lowest
GDOP appears when the intersection angle is 90°. If the intersection angle changes from
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Figure 3.2: The plot of GDOP against the intersection angle (dashed line). The solid line
indicates a threshold of GDOP as an example. The GDOP values that exceeds the threshold
will be discarded.
00 to 900 , the CDOP will decrease and result in decreasing error of combination. On the
other hand, as the intersection angle changes from 900 to 1800 , the CDOP will increase
and result in increasing error of combination. CDOP values will be used as a threshold
in vector current combination. For geometrical relationships with lower CDOP values,
the errors in the vector currents will also be lower.
In Figure 2.1, when the measured region approaches to the baseline of the radar
configuration, the intersection angle will approach to 1800 and the corresponding CDOP
will become infinite from equation (3.8). This is denoted as the baseline instability
indicated in Section 2.5, since no reliable vector current will be obtained. Another extreme
case is when the scattering region is far away from the baseline of the radar system, the
intersection angle will approach to 00 • In this situation, we still cannot get reliable vector
currents because of higher CDOP value (equation (3.8)). We may call this the far-zone
instability and it is similar in effect to the baseline instability. Both baseline and far-zone
instabilities cannot be completely removed. However, they may be limited to a negligible
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level by choosing moderate CDOP threshold values. Figure 3.2 shows a CDOP threshold
value of 3.5, corresponding to the intersection angles that are 25° and 155°, respectively.
Those angles that are less than 25° or greater than 155° will cause a rapidly increasing
CDOP and result in significant unreliability in current combination. Equation (3.8) has
been used in the selection of reliable range cells for HF radar vector current measurement
[20,29].
The previous discussion of CDOP is concerned with a two-radar current measurement
system in which each radar operates monostatically. We can borrow the idea of CDOP
for HF radar current measurement when one of the radar receivers is in the bistatic
configuration. Under this radar configuration, the bistatic Bragg frequency is a Doppler
frequency shift due to a moving object along the direction of N, which will be denoted
as the bistatic radar look direction, and the intersection angle defined previously will be
equal to the bistatic angle cPo (Figure 2.1). The most significant difference that needs to be
explored further is that the uncertainty of the radial current component along the bistatic
radar receiver is a function of the bistatic angle. The assumption of identical deviations,
0"1 = 0"2 = 0", cannot be invoked in equation (3.7) to reach equation (3.8). However, since
all the current measurements are based on simulated data in this work, a known current
vector can be selected as the ground truth and the uncertainty of the current combination
can be investigated numerically. Specifically, if the errors in both radial components
are assumed within FFT resolution and their distributions are uniform, it is possible
to predict the maximum errors of vector current both in magnitude and direction. An
example is depicted in Figure 3.3 to show the maximum errors in magnitude and direction
when the bistatic angle changes from 0° and 90°. In Figure 3.3, the errors in the currents
in both radial components are different but fixed in magnitude when the bistatic angle
varies. In fact, when the bistatic angle increases, the bistatic Bragg frequency fB (Figure
2.2) will decrease accordingly and the wavelength of the corresponding Bragg wave will
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Figure 3.3: The maximum errors in magnitude and direction when the bistatic angle changes
from 0° and 90°. The input current is 0.6 mis, 60° to the x-axis. The errors in monostatic and
bistatic radar look directions are 4.5 cm/s and 5 cm/s, respectively.
increase. Therefore, the radial current resolution in the bistatic radar direction will be
a function of the bistatic angle. Under this consideration, the errors in magnitude and
direction of the vector current combination are investigated numerically from different
aspects. The results are shown in Figures 3.4 to 3.7 for discussion.
In Figure 3.4 a vector current of 0.6 mis, 60° to the x-axis is measured by an HF
radar system with monostatic and bistatic receivers. The maximum combination errors
in magnitude and direction are depicted as a function of the intersection angle (bistatic
angle). The FFT resolution is fixed as 0.0078 MHz. Three radar operating frequencies,
6.75 MHz, 15 MHz, and 25 MHz are checked, corresponding to the radial current errors of
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Figure 3.4: The maximum errors in magnitude and direction as a function of the intersection
angle (bistatic angle) when a vector current is measured by an HF radar system with monostatic
and bistatic receivers. The current is 0.6 mis, 60° to the x-axis.
±8.0 cm/s, ±4.0 cm/s, and ±2.3 cm/s, respectively, along the monostatic radar direction
equation (2.10). However, in the bistatic radar look direction the radial current error will
not be a fixed value for each radar frequency and should be calculated by equation (3.1).
It is observed in Figure 3.4, that the combination errors in both magnitude and direction
increase quickly when the bistatic angles are below 25° or beyond 75°. This result is very
similar to the plot of GDOP against the intersection angles in Figure 3.2. The reason
why the errors of vector current increase significantly below 25° or beyond 75° is that the
FFT error in the bistatic direction is close to or beyond the radial current speed itself
This result implies that it is necessary to set a pair of thresholds in the bistatic angles to
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Figure 3.5: The maximum errors of the current magnitude and direction when two radar
receiver beams are 30° and 75° to the x-axis (the bistatic angle is 45°). The magnitudes of
currents are 0.3 mis, 0.6 mis, and 1.2 mis, respectively. The FFT resolutions in both directions
are 4 cm/s.
calculate the vector current. In future simulation the bistatic angles between 25° to 75°
are chosen as the applicable bistatic angles.
In another test, the look directions of the two radars are fixed and the magnitude
of the current is also fixed, while the direction of current changes from 0° to 180°. For
the fixed FFT resolution, the accuracy of the retrieved vector current still varies with
the relative positions between the two radar directions and current direction, although
this variation is not very significant. Figures 3.5 and 3.6 show the maximum errors in
magnitude and direction. In Figure 3.5, the FFT resolutions on both radial components
are the same. In Figure 3.6, the FFT resolutions on the two radial components are 4 cm
and 6 cm, respectively.
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Figure 3.6: The same as Figure 3.5, except the FFT resolutions in two directions are 4 cm/s
and 6 cm/s, respectively.
The curves in Figures 3.5 and 3.6 correspond to the maximum variation ranges of
the direction and magnitude. It can be seen that when the current direction is located
between the two radar look directions, the variation of magnitude is relatively small but
the variation of direction is large, and vice versa.
Figure 3.7 is a more comprehensive example. In this figure, a set of vector currents
with speed 0.8 m/s and different directions are measured. The angular separations be-
tween the two radar look directions are the same as in Figure 3.5. The arrows indicate
vector currents and various directions of 10°,40°, 70°, 100°, and 130°, respectively. Radial
current resolution in radar look direction 1 is set to be 4 cm/s and in radar look direction
2 is set to be 6 cm/s. Each parallelogram represents the range of the measured vector
current. These parallelograms are defined by the bistatic angles and resolutions on both
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Figure 3.7: The predication of changing range. A set of vector currents are with speeds 0.8 mis,
and in the directions of 10°, 40°, 70°, 100°, and 130°, respectively. The two radar look directions
are 30° and 75°. All angles are with respect to x-axis.
sides of radar look directions. The diagonals of the parallelograms are generally different
in length. When the measured current is between two radar look directions, such as Vb
and Ve, the variation in magnitude is determined by the shorter diagonal, whereas the
variation in direction is determined by the longer diagonal. These indicate that the vari-
ation in the magnitude measurement is less than in the direction measurement. However,
when the current directions are outside the radar look directions, such as Va, Vd, Ve,
and Vj, the variation of magnitude is determined by the longer diagonal and variation
of direction is determined by the shorter one, corresponding to a better measurement
in current direction and worse measurement in magnitude. It is also observed that the
magnitude of the input current has less influence on the accuracy in the measurement of
current magnitude than it does on the accuracy in the measurement of direction.
40
Chapter 4
Vector Current Extraction frolll
Silllulated Bistatic Data
Since the majority of the experiments of HF radar ocean surface current measurements
are based on the monostatic configuration, the bistatic radar data have to be simulated
first for further investigation. The HF radar data used in this research are simulated based
upon the first- and second-order bistatic cross sections of the ocean surface developed by
Gill and Walsh [13]. In this chapter, we first introduce the models for the bistatic cross
sections and from these obtain the power spectral density (PSD) of the ocean echo. Time
series of the radar received signals will be simulated by means of the method of inverse
transformation from the PSD of the Doppler radar spectrum, and the ocean current
information and noise will be added when this transformation is accomplished. Then
Doppler spectra are estimated by the periodogram method and finally radial currents are
extracted.
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4.1 Review of Cross Sections
As noted in Chapter 2, the underlying physical mechanism, first conjectured by Crombie
[25], that accounts for the peaks in HF Doppler radar spectra is Bragg scattering. As
seen already, in a typical spectrum there are two well-defined peaks, which are denoted as
first-order or Bragg peaks and these peaks are surrounded by a higher order continuum.
In the absence of surface currents, the positions of the first-order peaks are symmetrical
about the radar carrier frequency and are proportional to the square root of the radar
operating wavenumber ko.
HF radar cross sections of the ocean surface which form the basis of HF technology
is the focus of this section and will be used throughout this research. In the following
sections, the bistatic first-order and second-order cross sections of Gill and Walsh [13]
are reviewed. The chief purpose for considering the second-order cross section is that it
is useful when determining the width of the first-order peaks - i.e. it is important to
observe the nulls between the first- and second-order components. In the second-order
cross sections, only the patch scattering term will be considered. Other cross section
components found in [13] that have little influence on the current measurement will not
be a topic in this research.
4.1.1 Directional Ocean Wave Spectra
Any description of the scattering of the radar signal from the ocean surface obviously
must incorporate a model of that surface. This model will be addressed in advance,
following the description of Gill [15].
Typically, the ocean spectrum of wavenumber K, 8 1 (R), whose dominate direction
in ()j( may be expressed as the product of a non-directional spectrum, 81(K), and a
42
normalized directional factor, g (OJ() [32]:
The normalization on g (OJ() is such that
r21rio g (OJ() dO j( = 1 .
Clearly,
(4.1)
(4.2)
(4.3)
The Pierson-Moskowitz non-directional spectrum SPM [33] is selected as the ocean wave
spectrum with a modification of
by Gill [15], where
CXpM (-0.74g2 )
SPM (K) = 2K4 exp K2U~ .
(4.4)
(4.5)
In this equation, cxpM is a constant with value 0.0081 and U w represents the wind speed
measured at 19.5 m above the ocean surface.
The directional distribution g (OJ() in equation (4.1) is actually also a function of
wavenumber K, which can be written as
(4.6)
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where s(K) is called the spread function and e(K) is the dominant direction of the waves
[34]. In simulation, this e(K) is usually replaced by 8w , the wind direction with respect
to the radar look direction. When removing the dependence of frequency from the spread
function [34], the simplified directional distribution is written as,
[
8- - 8 ]g(8j()=F(s)cos2S~ . (4.7)
In our simulation, a typical value of s = 2 is chosen as has been suggested by previous
investigators (for example, [15,35,36]). For this case,
F(s = 2) = ~.
37r
Therefore, the directional ocean wave spectrum is obtained as
(4.8)
where the reference direction of 8w is switched to the x-axis by means of a parameter
(1 - m) 7r with m = ±1. With specific values of wind velocity, radar frequency, and
2
bistatic angle, using the ocean wave model stated in equation (4.9), the first- and second-
order radar cross sections can be computed. All the simulations carried out in this thesis
are based upon this ocean wave model.
Figure 4.1 is an illustration of the Pierson-Moskowitz ocean-wave spectra as a function
of wind speed and ocean wavenumber. Wind speeds are chosen to be 10 mis, 13 mis,
and 16 mis, respectively. It is noticed that the peak increases in amplitude and shifts to
lower frequency as the wind speed increases. This has a significant effect on HF radar
spectra, but does not affect the first-order cross section to any great extent. This is due
to the fact that the ocean waves that produce the first-order peaks are general in the
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Figure 4.1: Pierson-Moskowitz ocean wave spectra as functions of wind speed and wavenumber.
high frequency end of the ocean spectrum, corresponding to the saturated region.
4.1.2 First-order Cross Section
For bistatic scattering, the Bragg frequencies are functions of the bistatic angle ¢o and
radio wavenumber ko. The expression for the first-order cross section CT1(W) is given as
[13]
4 2 -+ K ~ cos ¢o 2 [D..Ps ( K ) ]CT1(W) = 2 rrko L Sl(mK)~D..psSa - -~- - 2ko .
m=±l yg 2 cos <pO
(4.10)
In this equation, w is the radian Doppler frequency, Sl (mK) is the ocean directional
wave spectrum with the scattering wave vector K as stated in Subsection 4.1.1, and
D..ps is the width of scattering patch, which is the smallest radial distance that can be
unambiguously distinguished by the HF radar. Of course, D..ps depends on the pulse
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width of the transmitted radar signal and is given by
!J. _ eTo
Ps - 2 ' (4.11)
where e is the vacuum speed of light (3 x 108 m/s) and TO is the pulse width of the
transmitted signal. The m = ±1 in equation (4.10) is used to distinguish the positive
and negative portions of the Doppler shift, which arise from two sets of ocean waves, one
moving along the direction of the ellipse normal and one moving in the opposite direction;
Le.
and
m = 1 when w < 0
m = -1 when w > 0 .
(4.12)
(4.13)
This is illustrated in Figure 4.2. Hence, the equation of the Doppler frequencies which
are related to the scattering wavenumbers K by the dispersion relation is given by
w = -m.;gK. (4.14)
In the equation (4.10), it may be noted that it is a squared sampling function that
generates the first-order peaks, while in Barrick's first-order cross section expression [6],
it is a delta function corresponding to a plane wave transmitting waveform. In order to
determine the Bragg wave scattering vector, the squared sampling function in the first-
order cross section must be considered. This function is maximum when its argument is
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Figure 4.2: The two sections of the bistatic first-order cross section with (m = ±1) indicates
the positive and negative Doppler portions. The bistatic angle is 30°. The wind velocity is
15 mis, perpendicular to the radar look direction.
zero; i.e. when
K = KBbi = 2kocoscPo. (4.15)
The wavenumber K Bbi is associated with the Bragg peaks for bistatic scattering which
is clearly a function of bistatic angle cPo. When cPo = 0,
K Bmono = 2ko , (4.16)
in which the wavenumber K Bmono is associated with the Bragg peaks for the monostatic
case.
The first-order cross section can be computed directly from equation (4.10). As noted,
Figure 4.2 shows an example of the first-order cross section for a bistatic angle of 30° and
a wind velocity of 15 mis, perpendicular to the radar look direction.
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xFigure 4.3: An enlarged view of the second-order scattering relations for the bistatic patch
scattering.
4.1.3 Second-order Cross Section
The second-order patch scatter consists of two types of second-order interaction mech-
anisms between radar signal and water waves, one is due to the e-m signal interacting
with a second-order ocean wave, another is from interaction between radar wave and two
first-order ocean waves. If](l and ](2 are the wave vectors of the ocean waves, in order
to generate the second-order bistatic scatter, ](1 and ](2 must satisfy the condition [13],
as shown in Figure 4.3,
(4.17)
Here K is in the direction of the ellipse normal eN (see Figure 2.1) and has a magnitude
of 2kocos cPo. Imposing the law of cosines, the magnitude of K2 may be obtained from
K; + K 2 - 2K1K cos (eKl - eN)
K; + 4k5 cos2 cPo - 4K1kocos cPo cos (eKl - eN)
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Figure 4.4: The four sections of the bistatic second-order cross section. The radar operating
frequency is 25 MHz, the bistatic angle is 30°, the wind velocity is 15 mls perpendicular to the
radar look direction. Only the K 1 < K 2 case is simulated here.
where eKl is the angle of K1 from the x-axis. Then, the second-order cross section for
patch scatter may be given as [13]
237rk5~Ps L L 100 j7r 100 {81 (m1K1) 81 (m2K2)
ml =±1 m2=±1 0 -7r 0
. Isr p l2 K 2 cos1>oSa2 [~t (CO~1>o - 2ko)]
8 (Wd + m1.;gK; + m2.[iK;) K 1}dK1deK1 dK , (4.19)
in which 8(·) is the usual Dirac delta function and the remaining parameters will be
specified in the following paragraphs. Figure 4.4 is a typical example of a second-order
bistatic cross section. As shown in the figure, there are four parts corresponding to four
possible combinations of m1 and m2, which represent four different Doppler frequenc~
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regions in the second-order cross section, respectively. If ml = m2,
W < -WB, when m, : m, : 1 }.
W > WB, when ml - m2 - -1
(4.20)
-WB < W < 0,
and (4.21)
In equation (4.19), the parameter sfp is referred to as the coupling coefficient. It is
defined as
(4.22)
Here
(4.23)
where H f p is the hydrodynamic coupling coefficient and Efp is the electromagnetic cou-
pling coefficient. The hydrodynamic and electromagnetic coupling coefficients correspond
to two mechanisms for the second-order interactions between ocean surface waves and
electromagnetic waves. For the purpose of this work, the electromagnetic coupling co-
efficient does not affect the results [13] and will be neglected in the simulation. This
non-critical omission also significantly affects the speed of the algorithm.
To calculate the second-order cross section, the squared sampling function of equation
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(4.19) must be addressed. Gill and Walsh [13] show that for typical scattering patch
widths it is possible to reduce that function to a delta function with the result being
written as
CT2? (wdl '" 267f2kg cos4 <Po m'f±1 m'f±l i: 10= {81 (m1 k") 8, (m2K2)
'lsf p l2 {) (Wd + ml.;gi(; + m 2.;gK;) K 1 } dK1d8K1 . (4.24)
Then, the remaining delta function constraint in the second-order cross section equation
(4.24) may be solved numerically [15].
4.1.4 Simulation of Cross Sections
HF radar bistatic cross section of the ocean surface are simulated and plotted for different
radar frequencies, wind velocities, and bistatic angles in this subsection. The behaviors
of cross sections for the different parameters will be briefly discussed.
1. The Effects of Wind Directions
Figure 4.5 portrays the bistatic cross sections with different wind directions ()w =
0°, 45°, 90°, and 135° relative to x-axis, respectively, at the same wind speed of
15 m/s. The bistatic angle is cPo = 45° (see Figure 2.4) and the radar operation
frequency is fa = 15 MHz. It can be seen that the relative strengths of the left and
right Bragg peaks are highly related to wind direction. When the wind direction
is perpendicular to the ellipse normal direction (bistatic look direction) in bistatic
model (see Figure 4.5a), the energy carried by the two Bragg peaks is similar. When
the wind direction is parallel or antiparallel to the ellipse normal direction, one side
of the peaks will be greatly enhanced (see Figure 4.5c). When the wind directions
are symmetrical with respect to the ellipse normal, as in the case for ()w = 45° or
135°, the two cross section plots are essentially identical (see Figures 4.5b and 4.5d).
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Figure 4.5: Bistatic cross sections for a wind speed of 15 m/s with different wind directions of
Ow = 0°, 45°, 90°, and 135°, respectively. The bistatic angle <Po = 45° (see Figure 2.4) and the
radar operation frequency fo = 15 MHz.
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Figure 4.6: Bistatic cross sections for wind speeds of 10 mls (left) and 15 mls (right) with
wind direction 0° to x-axis. The radar operating frequency is 15 MHz and the bistatic angle is
45°.
Similar results will occur for a monostatic configuration where the ellipse normal is
replaced by the narrow beam look direction. From the property described above,
theoretically speaking, wind direction is one of the ocean surface parameters that
can be detected by HF radar, and some research has been focused on this topic (see
for example, [37-39]).
2. The Effects of Wind Speed
The ocean wave spectrum is a function of wind speed as defined in equation (4.9).
Since both the first- and second-order radar cross sections are functions of the ocean
wave spectrum, wind speed will affect the radar cross section. Figure 4.6 illustrates
this by changing the wind speed while keeping the radar frequency, bistatic angle,
and wind direction fixed. Here, the wind speeds are selected as U w = 10 mls and
15 mis, respectively and the same wind direction Bw = 0° is assumed. The radar
operating frequency is 15 MHz and the bistatic angle is 45°. It is observed that
the magnitude of the second-order cross section will increase significantly with the
increasing of wind speed.
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3. The Effects of Radar Frequency
The bistatic first- and second-order cross sections for radar operating frequencies
of 25 MHz, 15 MHz, and 6.75 MHz are depicted in Figure 4.7. The same wind
speed U w = 10 mis, wind direction Ow = 0°, and bistatic angle cPo = 45° are used to
obtain these cross sections. Clearly, the Doppler shifts of the first-order peaks are
altered corresponding to the radar frequencies. The behavior of the second-order
cross section in the regions near the Bragg peaks is significantly different between
the higher and lower radar operating frequencies. When the radar frequency is at
25 MHz, the continuum adjacent to the Bragg peaks is clear and quite distinct,
which indicates that the majority of the ocean spectral energy is mapped to these
regions. On the other hand, when the radar frequency is at 6.75 MHz, the second-
order curve is not as distinct in the near-Bragg regions, implying less ocean spectral
energy is mapped to the corresponding Doppler regions.
4. The Effects of Bistatic Angle
Figure 4.8 shows the radar cross sections as affected by different bistatic angles. The
examining bistatic angles are set to be cPo = 0°, cPo = 30°, and cPo = 45°, respectively.
In this figure the wind speed is U w = 10 mis, wind direction is Ow = 0°, and the
radar operation frequency is 15 MHz. While for the given variation in cPo, there is
a nominal effect on the cross sections compared to the monostatic (cPo = 0°) case,
it can be easily seen from equations (4.10) and (4.19) that the entire cross sections
will be gradually reduced in magnitude as the bistatic angle cPo approaches 90°.
Also, as cPo increases, the Bragg frequencies will decrease (see equations (4.14) and
(4.15)).
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Figure 4.7: Bistatic cross sections for different radar frequencies. The bistatic angle is <Po = 45°.
The wind velocity is 10 mis, 0° to x-axis.
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Figure 4.8: Bistatic cross sections for different bistatic angles. The radar operating frequency
is 15 MHz, wind velocity is U w = 10 mis, 0° to the x-axis.
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4.2 Time Series of Radar Return
The HF radar signals received from the ocean surface contain not only the useful ocean
clutter but also unwanted noise. The strength of the radar received signal is a function of
various parameters associated with the radar itself, including transmitted power, the gains
of both the transmitter and receiver antennas, the distance from the radar transmitter to
the scattering patch and the distance from scattering patch to the receiver and the radar
operating frequency. Other factors affecting received signal strength include the size of
the scattering patch, the attenuation function associated with the characteristics of the
medium, and the ocean wave spectrum.
In the HF band, the reception is often externally noise limited. Here internal system
noise will be ignored. The external noise in the radar system comes from a wide range of
sources, such as atmospheric, galactic, and man-made noise. The noise depends on radar
operating frequency, location, the season of the year, and the time of the day.
In Gill's analysis [15], the PSD of the ocean clutter and ambient noise are thoroughly
investigated and a mathematical model is obtained to describe the received power from
the ocean surface scatter. In this section, based upon Gill's model, the external noise is
assumed to be a stationary Gaussian white process with zero mean. The PSDs of the
ocean clutter and external noise are calculated separately in the frequency domain. An
inverse transform of the PSDs to the time domain results in the radar received time series
of clutter and noise, respectively. During the inverse transform, Pierson's [40] model of a
stationary Gaussian process in one variable has been invoked. The motion of the ocean
surface current has been inserted into the clutter time series. The combination of clutter
and noise in the time domain gives the time series of the received signals. After further
discussion a typical example is illustrated in Figure 4.11.
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4.2.1 The PSD of Ocean Clutter
When pulsed radar is in operation and the scatter from the ocean surface is received via
a narrow beam receiving system, the power spectral density of the ocean clutter, denoted
as Pc (w), can be written using the radar range equation [15] as
(4.25)
Here, the patch area Ar is defined as
(4.26)
where CTO;02 is the width of scattering patch in the radar look direction and BW~ is half
beamwidth of the receiver antenna.
All the parameters in the radar range equation may be catalogued in two groups:
1. The parameters associated with the radar system: these include the transmitted
pulse (peak) power Pt., the gains G t and Gr of the transmitting and receiving an-
tennas, respectively, the half beamwidth of the receiving antenna BW~, the trans-
mitting pulse width TO, and the pulse repetition period TL. ~ is defined as the
radar duty cycle. Figure 4.9 depicts an example of a pulse train.
2. The parameters associated with electromagnetic wave propagation and sea state:
these include the distance POl between the transmitter and scattering patch, the dis-
tance P02 between the scattering patch and receiver (Figure 2.4), the rough spherical
earth attenuation function F(p,wo), and cross section a (w). F(p,wo) is a function
of the radar operating frequency and the geometric relationship between the trans-
mitter and the scattering patch and the scattering patch and receiver over the
earth surface. For a bistatic radar configuration, we have F(POl,WO) and F(P02,WO)
58
tFigure 4.9: A pulse train with pulse width TO and pulse repetition frequency TL.
associated with radar operating frequency Wo and the distances of POI and P02, re-
spectively. Strictly speaking, F(·) is also a function of sea state, and will decrease
when sea state increases. Other relevant parameters include wind speed and di-
rection, dielectric constant and permeability of the ocean surface. Dawe [41] has
developed a Fortran routine to calculate this attenuation function.
The receiving antenna is assumed to be an N-element linear array with an element
A
spacing of ds = -;f. The receive array beamwidth and receive array gain (assuming 100%
efficiency) are defined by Collin [42] as
and
respectively.
BWI = 2.65Ao
"2 (N + l)7rds
G _ 5.48 (N + 1) ds
r - Ao '
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(4.27)
(4.28)
4.2.2 The PSD of Stationary Gaussian Noise
The description of the PSD of a stationary Gaussian white noise for sampling at the pulse
centers can be found in Gill [15]. The external Doppler noise PSD, PN(w) is written as
(4.29)
where k = 1.38 X 10-23J/K is Boltzmann's constant and To = 290 K is the reference
temperature (Kelvins). Usually, an external noise figure Fam is available in documents
. TO
such as ITU-R Recommendatwns [43]. The radar duty cycle ""7i has been replaced by
de. The quantity L ( - 2~c) is defined as the smallest integer that is greater than or
equal to - ~d ' and G (-d1 ) is the greatest integer that is less than or equal to ~d while
2 c 2 c 2 c
Sa(·) is the usual sampling function. The equation (4.29) can be simplified under certain
conditions. For example, for a typically small duty cycle, say 4%, the summation term in
equation (4.29) will be close to unity. In such a case, there exists a closed form expression
of the noise [43]:
(4.30)
where frequency f is in hertz. Some typical values of the noise figure Fam as taken
from [41] at frequencies 25 MHz, 10 MHz and 6.75 MHz are 22 dB, 36 dB, and 40 dB,
respectively. They will result in the noise floors of PSDs around -180 dB, -170 dB, and
-160 dB, correspondingly. Figure 4.10 shows a typical example of the PSD of external
noise. Detailed analysis can be found in [15].
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Figure 4.10: Power spectral density of external noise.
4.2.3 The Simulated Time Series
From equations (4.25) and (4.30) we have expressions for the PSDs of the ocean clutter
and noise, respectively. In order to obtain simulated time series, the PSD of the clut-
ter and noise, may be transferred to the time domain. The transform from frequency
domain to time domain can be accomplished by employing Pierson's model [40] of a
one-dimensional stationary Gaussian process. Gill [15] presents a time function f(t) of
limited bandwidth B to describe the ocean wave system as
I(t) = keiwtei'(W)VF,(w) ':: ' (4.31)
where f(t) presents the time signal of either the noise n(t) or ocean clutter c(t), Fs(w)
is PSD of f(t), and c(w) is a random phase term uniformly distributed between [0, 27r).
This integral is calculated over the Doppler spectrum band B, where the frequency w is
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defined in the range
- ~ < w < ~ . (4.32)2 - - 2
However, the integral of equation (4.31) cannot be calculated directly. A numerical
routine presented by Pierson [40] allows the integral to be approximated as
p
f(t) = w!~~oo L e j (W2Q+lt)e je (W2Q+d
(W2q+2-W2Q)-+O q=O
F ( ) W2q+2 - W2qs W2q+l' 27f ' (4.33)
where q is a whole number. When W2p ---t 00, the number of pulse trains extends to
infinity. If c(t) is denoted as the time series of ocean clutter and n(t) is denoted as the
time series of noise, the sum of the c(t) and n(t) will result in the signal s(t). Thus,
developing c(t) and n(t) from equation (4.33) allows the received signal to be simulated
simply as
s(t) = c(t) + n(t) .
Figure 4.11 is an example of such a simulation.
4.3 From Time Series to Vector Current
4.3.1 Introduction
(4.34)
If the radar pulse width and the antenna parameters for both sites are fixed, the ocean
surface can be divided into different cells along the constant bistatic angle locus (see
Figure 4.12 of Section 4.3.2). Measurements of vector current over each cell would be
accomplished separately. Within each cell, the radial currents along the monostatic and
bistatic radar look directions will be obtained independently and then vector currents
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Figure 4.11: Example of radar received time series. Radar operating frequency is 25 MHz,
wind velocity is 15 mis, 90° to radar look direction.
will be derived by means of equations (2.26) and (2.27). The overall current map of the
ocean surface can be extracted through such a series of "constant bistatic angles".
For the purpose of simplicity in the simulation, the currents are first assumed to be
uniformly distribution over the entire area. This means that as the scatter patch moves
along the constant bistatic angle, the relative angles between the radar look directions
(monostatic and bistatic) and the current direction are always changing. During this
change the current projections along the two radar look directions are also varying. Car-
rying out the analysis, the algorithm of extraction of vector current by the combination
of radial currents can be tested for different conditions. In the second test, the vector
currents are estimated under the assumption of a non-uniform current distribution.
Centroids of the First-order Peak Regions
The centroid is defined as the frequency position that separates the first-order peak region
into two portions with equal areas. A numerical procedure is used for locating the centroid
presented by Bobby [23].
63
1. Locate the absolute maxima, Wp and WN in the positive and negative Doppler
ranges, respectively.
2. Locate the two nulls beside the negative Bragg peaks by calculating the average
power over a range of frequencies falling within the two intervals that are known to
include the nulls. Here, we choose intervals -1.8 WN to -1.2 WN and -0.8 WN to
-0.3 WN. Then, starting from WN, the nulls are determined as the first set of local
values beside the WN that fall below the appropriate average.
3. To locate the nulls Wp, repeat step 2 for the positive Doppler ranges in the intervals
1.2 Wp to 1.8 Wp and 0.3 Wp to 0.8 Wp.
4. Find the centroid frequency for each side of the Doppler spectrum as that frequency
value at which half of the entire area between two nulls is covered.
Considerations of the SNR
In developing the simulation results it is also important to address typical clutter signal
to noise ratios (SNR). For pulse radar, this SNR is defined as
(4.35)
where Pc(w) is defined by the radar range equation (4.25) and PN(w) is the noise spectral
density. SNR is simply the difference (in dB) between the maximum magnitude of the
Bragg peaks and the noise floor. In our simulation, Gaussian white noise is used to
simulate the noise floor [15]. In practice, it is necessary to set a SNR threshold in order
to select useful data. All radar data below the SNR cutoff criterion is, of course, discarded.
Comparing the theoretical Bragg peaks with the centroid frequency positions, the
difference can be identified and recognized as the consequence of currents. If the SNR of
one side of the Doppler spectrum is below the threshold, the other side with SNR higher
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than the threshold will be used to obtain the radial current component. If the S Rs of
both sides are above the threshold, we have two options: One option is to use the average
shift of the positive and negative peaks. The advantage of this approach is to diminish
the effect of random noise fluctuations. The second option is to use only the side with
the higher SNR. The advantage of this option is that only higher quality data are used in
extracting the radial current. In this study, a combination of the two approaches is used.
A 25 dB value is set and the magnitudes of the Bragg peaks of both sides are compared
to each other. If their differences are less than that value, option one is applied; if the
differences are larger than 25 dB, option two is chosen.
When radar data are picked up with SNRs higher than a certain value, the quality of
results will not improve significantly. As an illustration of this idea, Hickey [22] checked
two different SNRs, 10 dB and 30 dB for real data analyses of monostatically received
signals. The statistical comparison of radial currents obtained from real data with 10 dB
and 30 dB SNRs has shown little difference, which indicates that a SNR higher than
10 dB does not bring significant improvement to the results.
4.3.2 Simulation Details
In simulation, the transmitting antenna is an omnidirection antenna with 2 dBi trans-
mitting gain. The receiving antenna is a 24 element linear array with half wavelength
spacing and a gain of 18 dBi. The azimuthal extent of the patch, as determined by
BW! (see equation (4.27), is 4° and the radial extent is 1500 m. For each simulation,
a 4096-point time series is taken from a specific radar direction. This time series is fast
Fourier transformed in 512-point segments with a 50 percent overlap and square-averaged
to yield the Doppler power spectral density. The sampling rate is chosen to be 0.25 s in
the simulation. This corresponds to a 4 Hz sampling rate and 0.0039 Hz FFT resolution.
The radar coverage area is set up before the simulation is conducted. The effective
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Figure 4.12: An illustration of cell number.
value of the GDOP is chosen to be less than 3.5, as indicated in Figure 3.2. This cor-
responds to a bistatic angle of approximately 23°. In the simulation, a region over the
ocean surface in the middle between two receivers is chosen so that the bistatic angles
vary from 25° to 55°.
The contour of the constant bistatic angle is shown in Figure 4.12. The scattering
patches are chosen to move along the locus of constant bistatic angles of 55°, 45°, 35°,
and 25° from front to rear, respectively. In this figure the scattering patches are shown
as a series of cells with the cell numbers being counted from right to left as an example
in the simulation. It is also assumed that the cells are from 30° to 150° (with respect to
x-axis) with a 4° increment. Of course, there will be fewer patches along the constant
bistatic angle locus when bigger bistatic angles are used. In fact, when the two radar
receivers are fixed, the optimal surveillance area is established. On the other hand, in
order to view a particular surveillance area the optimal positions for radar receivers must
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be determined.
Figure 4.13 depicts an example where the vector current is measured with the radar
operating frequency at 25 MHz, the bistatic angle set at 55°, and the location set to cell
number four. The current is 1.2 mis, 60° to the reference direction. The top two figures
are the Doppler spectra obtained at monostatic and bistatic radar receivers without
current, while in the two figures in the bottom the current is introduced. The Doppler
shift effect is indicated by the dashed lines. In the example, the current component at
the monostatic receiver is 1.141 mls in the original, but the measured value is 1.148 mis,
while the current component of the original and measured values for the bistatic receiver
are 0.958 mls and 0.977 mis, respectively. Using the measured values of the current
components, the vector current can be derived (using equations (2.26) and (2.27)) as
having a magnitude of 1.21 mis, 60.67° to the reference direction, which is in good
agreement with the original current.
4.3.3 Simulated Results for Uniformly Distributed Currents
To completely examine the algorithm, different combinations of radar operating frequen-
cies and ocean current vectors should be tested. Radar frequencies of 25 MHz, 15 MHz,
and 6.75 MHz will be used, corresponding to higher, middle and lower end in the HF
band. Usually, the ocean surface current speeds are changed in the range from 0.15 mls
to 1.2 m/s. Several currents are picked in this range for illustration. Throughout the
analysis, the errors of radial current components are within the FFT resolution.
Currents with same direction but different magnitudes measured by same
radar frequency:
Figures 4.14 and 4.15 depict the results for a radar operating frequency at 25 MHz when
the bistatic angles are 25° and 30°, respectively, and the current direction is 60°. Figures
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Figure 4.13: An example of radial currents measured from monostatic and bistatic radar
directions. The radar operating frequency is 25 MHz, the bistatic angle is 55°, and the location
of the ocean surface is at cell number four. The original current is 1.2 mis, 60° to the reference
direction. The dotted lines indicate the centroid frequencies of the Bragg peaks without the
current, while the dashed lines show the Doppler shifted centroid positions of the Bragg peaks.
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Figure 4.14: Results for different current magnitudes measured at 25 MHz. The bistatic angle
is 25°. The magnitudes are selected as 0.15 mis, 0.3 mis, 0.6 mis, 0.9 mis, and 1.2 m/s. The
current direction is 60° to the x-axis.
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Figure 4.15: Results for currents with different magnitudes measured at 25 MHz. The bistatic
angle is 30°. The other parameters are the same as in Figure 4.14.
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4.16 and 4.17 depict the absolute errors of magnitude and direction in detail. It may be
observed that the errors in magnitudes are not significant for any of the speeds used, but
errors in measured directions increase when the original current magnitudes are small.
In case of the 25° bistatic angle (Figure 4.14 and 4.16), the maximum measured errors in
magnitude for these five original currents are all around 5 cm/s. However, the maximum
error in current direction is 30.0° for the 0.15 mls current, but only 4.5° for the 1.2 mls
current. Similar results occur in the case of the 30° bistatic angle (Figures 4.15 and 4.17).
Currents with same magnitude and direction measured by different frequen-
cies:
Figure 4.18 shows a current of magnitude 0.9 mis, 60° to the x-axis measured by the
radar with operating frequency 25 MHz but with different bistatic angles 25°, 35°, 45°,
and 55°, respectively. Figure 4.19 depicts the same current measurement with same
radar operating frequency. It is observed that the measured results from 25 MHz are
much better than that from 6.75 MHz. The maximum error in direction is less than 10°
in 25 MHz but it is more than 20° in 6.75 MHz. For this same original current, the
maximum error in magnitude with a radar operating frequency of 25 MHz is 8 cmls,
while for a radar frequency 6.75 MHz it is 12 cm/s.
4.3.4 Simulated Results for Non-uniform Current Pattern
The measurements involving variable currents are conducted by means of three different
frequencies 6.75 MHz, 15 MHz, and 25 MHz, respectively. At each operating frequency, a
distinct set of parameters is chosen. For 25 MHz the distance between the two receivers
is selected as 45 km, while for 15 MHz this distance is 90 km, and for 6.75 MHz it is
180 km. The choice of different distances between the two receivers for different radar
frequencies makes the simulation more realistic, since the lower the radar frequency the
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Figure 4.16: Absolute differences of the radial current components along the monostatic and
bistatic directions measured at bistatic angle of 25°. The parameters are the same as in Figure
4.14.
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directions measured at bistatic angle of 30°. The parameters are the same as in Figure 4.15.
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Figure 4.19: Same current as in Figure 4.18 is measured. The radar frequency is 6.75 MHz.
The bistatic angles are chosen as in Figure 4.18.
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further the e-m wave propagates over the ocean surface. The parameters used in the
25 MHz case are listed below as an example.
1. Radar operating frequency: 25 MHz.
2. Transmitting power: 100 W.
3. Transmitting antenna gain: 2 dBi.
4. Receiving antenna gain: 18 dBi.
5. Pulse width: 13.3 J-LS.
6. Pulse repetition time: 333 J-LS.
7. Distance between two receivers: 45 km.
8. receive array half-power beam width: 4.03° assuming 24 elements linear array,
broadside.
9. Sampling rate: 4 Hz.
10. FFT resolution: 0.0039 Hz.
11. Radial current resolution along monostatic direction: 2.4 cm/s.
12. Radial current resolution along bistatic direction: from 2.7 cm/s to 4.2 cm/s de-
pending upon different bistatic angles.
The simulated results are illustrated in Figure 4.20 with the top-left subplot giving
the original current as varying magnitude from 0.8 m/s to 1.0 m/s and in direction from
30° to 300°. Figures 4.21 to 4.24 illustrate the absolute errors in magnitude and direction
for the simulated currents at bistatic angles of 25°, 35°, 45°, and 55°, respectively.
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15 MHz, and 6.75 MHz, respectively.
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Figure 4.24: The absolute errors in (a) magnitude and (b) direction for the simulated currents
at a bistatic angle of 25°. The radar operating frequencies are the same as in Figure 4.21.
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Bistatic angle Maximum error (cm/s)
1>0 (Degree) 25 MHz 15 MHz 6.75 MH6Z
25 7.6 11.0 17.3
30 6.4 12.3 32.5
35 6.0 12.7 16.5
40 3.9 6.5 23.1
45 4.4 7.4 19.6
50 3.2 6.4 18.9
55 3.9 6.0 13.4
Table 4.1: Maximum errors in current magnitud e.
Bistatic angle Maximum error (Degree)
1>0 (Degree) 25 MHz 15 MHz 6.75 MH z
25 2.84 4.57 8.20
30 2.41 3.96 8.33
35 3.13 5.85 12.8
40 2.54 4.07 8.94
45 2.13 4.50 11.4
50 2.22 3.37 7.70
55 2.03 4.08 8.18
Table 4.2: Maximum errors in current directionn.
Tables 4.1 and 4.2 summarize the maximum errors of measuuements in the simula-
tion both in magnitudes and directions for bistatic angles from 25° to 55° in 5° steps,
corresponding to the results in Figure 4.20.
From the above simulations we conclude that:
1. The configuration of a pair of bistatic and monostatic receivers sharing the same
transmitter has the potential to measure the ocean surface vector current. At the
lower HF band, the errors in the radial current tend to incr;rease and as the conse-
quence, the accuracy in the vector current, both in directioon and magnitude, will
decrease accordingly. Therefore, to achieve a good accuracy t for a limited integration
time, it is better to choose a higher frequency in HF band.
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2. According to analysis in the Chapter 3, if the bistatic angle of the radar configura-
tion has been chosen adequately to keep the values of GDOP lower than a certain
threshold, the error of the combined current vector will be moderate and accept-
able. In our analysis, the range of the useful bistatic angle has been chosen within
25° to 55°.
3. For the same operating frequency, the original current speed does not appreciably
influence the accuracy of measurement of the current magnitude but it does affect
the accuracy of direction significantly.
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Chapter 5
Conclusions
5.1 General Summary
HF radar wavelengths are similar in scale to ocean gravity waves that contain significant
ocean energy. Furthermore, these signals have the ability to propagate over the horizon
across the ocean surface. Thus, HF radar is becoming one of the most useful technologies
for measuring surface parameters over large expanses of ocean. The algorithm developed
here for current measurement by means of two separately located radar receivers, one
of them co-located with a radar transmitter and another several kilometers from the
transmitter, demonstrates encouraging results. We expect an examination of the validity
of the algorithm in future field experiments.
The algorithm is developed based on theoretical models for HF bistatic radar cross
sections of the ocean surface [13] and techniques for current measurement addressed by
numerous investigators over several decades (see, for example, [2],[3],[6],[20],[22],[44],[23],
and [27]). The successful development of the algorithm will enhance the capabilities
of land-based HF radars and provide the basis of operation of more flexible, compact,
and economically feasible systems. Below is a brief list of considerations in current
measurements and the suggestions for the future research work.
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In order to apply the bistatic radar in current measurement, the existing HF radar
current measurement techniques have been reviewed in Chapter 2, and the geometrical
configuration of a combined monostatic/bistatic radar vector measurement system has
been introduced. The advantages and the disadvantages between this system and other
systems, especially the dual-radar system, are discussed. It has been pointed out that the
bistatic angle 1>0 plays important roles in the description of the bistatic radar received
cross section and the extraction of the vector current measurement when the combined
radar system is used.
The errors in current measurements have been analyzed in Chapter 3. These er-
rors originate at the stage where the radial current components are derived and show a
complicated behavior when these components are combined to give the vector current.
Throughout the analysis the FFT error has been used as the error of the radial current.
The behavior of the error in the vector current has been described numerically, with an
idea similar to the GDOP in the GPS system. Several cases have been simulated and
analyzed. These include the errors in the radial current measurement with different mag-
nitudes and directions, different bistatic angles of the combined radar system, and the
different relative directions between radar look directions and the current directions.
It is seen that the errors in the derived current vector vary within a parallelogram
defined by the bistatic angle of the radar system and the measuring resolutions on both
sides of the radar look directions. The diagonals of the parallelograms are generally
different in length. When the measured current is between two radar look directions,
the variation in magnitude is determined by the shorter diagonal, whereas the variation
in direction is determined by the longer diagonal. These shows a better measurement
in magnitude than in direction. On the other hand, when the current directions are
outside the radar look directions, the variation of magnitude is determined by the longer
diagonal and variation of direction is determined by the shorter one, corresponding to a
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better measurement in current direction than in magnitude.
In Chapter 4, the vector current has been measured for simulated data. The first- and
second-order radar cross sections are reviewed and the time series of the radar received
data by the monostatic and bistatic radar receivers are simulated with current informa-
tion inserted and Gaussian noise added. The radar Doppler spectra on both radar look
directions are estimated by means of the periodogram method. The centroid frequencies
of the Bragg peak regions are calculated and the radial current speeds are derived. Fi-
nally, both uniform and non-uniform vector currents have been input and the resulting
currents have been extracted. Comparisons of the results with the input currents have
shown good agreement, indicating the validity of the algorithm.
5.2 Suggestions for Future Work
Several points may be suggested for further research and experimental work. First, al-
though the algorithm shows encouraging results, it still needs to be checked against real
data. Since the HF radars have already been installed at Cape Race and Cape Bonav-
ista, NL, Canada, we may have opportunity to perform such an examination in the near
future. Furthermore, plans to develop smaller systems for deployment in Placentia Bay,
NL are ongoing. Such systems could indeed be dedicated to validating the analysis and
results presented in this work.
Some parametric spectral estimation methods have been reported in HF radar data
analysis and the results are encouraging. However, the periodogram method is widely
used in practice and theory. It would be a good idea to compare the advantages and
disadvantages among different methods in future research.
An immediate next step along this research is the development of an algorithm in
which two bistatic radar receivers are used. In such a system, two radar receivers would be
located several kilometers away and on each side of the radar transmitter. The distances
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from both receivers to the transmitter mayor may not be equal. Actually, this idea may
be extended to include more receivers and transmitters - i.e. the bistatic configuration
may be extended to the multi-static case. This may provide more flexibility in the
surveillance area for current measurements and improve the efficiency of data usage by
sharing data among more receivers. Any such advances will continue to enhance the
utility of HF radars as ocean remote sensors.
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